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ABSTRACT
Introduction
Increased rainfall and temperature are well-recognized climatic factors associated with increased
rates of diarrhea, yet there is limited information on the role of droughts as the cause of diarrheal
outbreaks. In 2011, Funafuti, an island in the Pacific country of Tuvalu, experienced a concurrent
severe drought and outbreak of diarrhea. We performed an investigation to identify factors that
contributed to epidemic transmission and evaluate the role of interventions in controlling the
outbreak.
Methods
We identified cases by performing a review of medical registers in Funafuti (pop. 6,216
inhabitants) during the outbreak period from 29 August 2011 – 16 October 2011. Rainfall data
were collected to evaluate the temporal and climatic associations between drought and diarrhea.
We performed a case-control study to examine risk factors for diarrhea, interviewed public
health officials to identify control measures that were implemented, and assessed the temporal
relationship between these interventions and weekly case numbers.
Results
We identified 244 cases of diarrhea during the outbreak period. The overall attack rate was 3.9%,
with highest rates (17.5%) occurring in infants with age 0 - 2 years. Peak case numbers occurred
during the nadir of recorded rainfall in Tuvalu. Multivariate analyses found that households
whose home water tank levels dropped below 20% capacity and that reported decreased hand
washing frequency had significantly higher risk (OR 2.31 95% CI [1.16-4.60] and OR 3.00
[1.48-6.08], respectively) of having a member acquire diarrhea. Although drought conditions
persisted, weekly case numbers decreased from peak numbers after implementation of a hygiene
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promotion and soap distribution campaign.
Conclusion
A severe drought in Tuvalu precipitated a large outbreak of diarrhea due to decreased water
availability and personal hygiene. Infants were the age group that was especially vulnerable to
drought-associated diarrhea. Interventions that promoted personal hygiene, along with water
distribution, appear to have ameliorated the health impact of the drought. These findings
highlight the need for contingency planning to address the health impacts of droughts, as they
become more frequent and severe occurrences in the Pacific due to climate change.
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INTRODUCTION
Climate is a well-recognized cause of elevated rates of diarrhea [1]–[5]. Increased rainfall, either
seasonal or in disaster situations, is the climatic factor that has been most widely observed to
cause increased risk of diarrhea and epidemics [5]. During periods of heavy rainfall, surface
waters are more readily contaminated with human feces than during dryer periods [6]. In
addition, heavy rainfall following periods of low rainfall can mobilize contaminants into
drinking water sources [7], [8].

However, a less explored phenomenon is the relationship between low rainfall and the risk of
diarrheal disease. The association of seasonal periods of low rainfall and higher incidence rates
of diarrhea has been observed in a limited number of settings, including the Pacific [1], [9]–[11].
The use of lower quality water for drinking, increased concentration of pathogens in low
quantities of stored water, or decreased intensity of hygiene practices have been proposed as
mechanisms for increased risk of diarrhea during seasonal periods of low rainfall [12], [13].

There are even fewer reports in the literature that have documented severe decreased rainfall
events or droughts as the cause of diarrheal epidemics. Droughts have been reported to be a
potential factor in outbreaks of E. coli O157 and cholera in Africa [14]–[18]. Only two studies
though, have specifically evaluated the role of water access in drought-associated outbreak
settings: one in Wales from 1978 and a second in Haiti in 1980 [17], [18]. In the Welsh outbreak,
the weekly incidence rate of diarrhea among school children was significantly higher in waterrestricted regions than in non-restricted regions. In the Haitian outbreak, higher rates of diarrhea
were found among families that had lesser access to water. As a caveat, the Welsh study was
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only able to monitor this association over two weeks before water access returned to all regions.
Furthermore, in the Haitian investigation, the association between water access and droughtrelated diarrhea was not statistically significant. There is thus a lack of empirical evidence that
supports the role of access to safe water, in addition to poorer personal hygiene, in contributing
to epidemic transmission of diarrheal disease during droughts.

Tropical Pacific island nations are particularly susceptible to drought, in part due to the El Niño
Southern Oscillation (ENSO) cycle, a natural climate event that is characterized by the cyclical
warming (El Niño) and cooling (La Niña) of the Pacific Ocean [19]. Such variability has varied
effects on global climate patterns and often leads to climate emergencies such as floods,
cyclones, and drought [20]. Anthropogenic climate change has and will likely continue to
increase the severity of ENSO events [21]. In 2011, a La Niña climate event triggered a severe
drought emergency in the South Pacific island nation of Tuvalu. Following three years of
decreased rainfall inconsistent with prior patterns, Tuvalu’s fresh water reserves reached a nadir
from May to November of 2011. In September 2011, the Pacific Syndromic Surveillance System
(PSSS) detected a large outbreak of diarrheal illness on the main island of Funafuti [22]. We
investigated this epidemic to characterize the key factors that caused a diarrhea epidemic in the
context of a drought emergency.
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METHODS
Study Site
Tuvalu is a tropical island nation located in the South Pacific Ocean (Fig. 1). It is composed of
nine low-lying coral islands and atolls, eight of which are inhabited, with a total population of
10,782 (2012 census) [23]. Funafuti, an atoll with 6216 residents in 2012, is the largest and the
most populated of the islands. The largest islet of Funafuti is Fongafale, which contains nearly
97% of the population of Funafuti. Fongafale is geographically divided into seven communities
(from South to North): Tekavatoetoe, Vaiaku, Alapi, Senala, Fakaifou, Teone, and Lofeagai (Fig.
1). The average annual temperature of Funafuti is 28°C with minimal variation throughout the
year.

Surveillance and Case Finding
The outbreak of diarrheal disease was identified using the World Health Organization Pacific
Syndromic Surveillance System (PSSS) [22]. Since mid-November 2010, the PSSS, which
serves as an early warning alert system, reports raw weekly case data from Pacific nations of
diarrhea, influenza-like-illness, acute fever and rash, and prolonged fever without disaggregation
by demographic or other variables. A case of diarrhea was defined as the presence of three loose
stools in 24-hours during the outbreak period of 29 August 2011 to 16 October 2011. The
outbreak period was defined as when the observed weekly number of diarrhea cases was higher
than two standard deviations above the mean number of weekly cases in the PSSS from
November 2010 to August 2011. In addition to collecting weekly case counts from PSSS, we
identified cases of diarrhea by reviewing outpatient and inpatient records of Princess Margaret
Hospital (PMH), which is the sole health care facility in Funafuti. We reviewed outpatient
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registers that were available for the period from 25 July 2011 – 29 February 2012 and inpatient
records that were available from 1 January 2010 – 31 December 2013. We extracted patient age,
gender, diagnosis, symptoms, and survival.

Rainfall and Water Usage
We obtained daily 24-hour rainfall records for 2000 - 2013 as well as daily temperature records
from 2008-2013 from the Tuvalu Meteorological Service (TMS). The Secretariat of the Pacific
Community’s Applied Geoscience and Technology Division (SOPAC) 2010 Tuvalu Rainwater
Harvesting Survey provided information on the total and residential-specific effective water
harvesting capacity (EHC), which refers to the amount of water that can be collected into
containers from every millimeter (mm) of rainfall, and the total and residential-specific water
storage capacities of Funafuti.

Interventions
We collected information on interventions implemented during the outbreak from unpublished
response coordination documents from the United Nations Office for the Coordination of
Humanitarian Affairs (UN OCHA) and World Health Organization (WHO). We also obtained
information on local control measures that were implemented by performing unstructured
interviews with ten governmental officials from the Tuvalu National Disaster Committee, Tuvalu
Public Works Department (PWD), Tuvalu Red Cross, Tuvalu Lands Department, UN OCHA,
SOPAC, Tuvalu Ministry of Health (MOH), PMH, and the Tuvalu Media Department.
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Household Survey
Between 29 May 2014 and 15 July 2014 we conducted a case-control household survey,
specifically designed to account for the time lag between the event and the survey by evaluating
constant household environmental factors and water-related exposures during the drought. Cases
were identified from the outpatient or inpatient hospital records during the outbreak period from
29 August 2011 to 16 October 2011 and were included for selection into the study if they had a
known current location in Funafuti. In order to assess current location, a list of the cases in the
outbreak was distributed to seven members of the MOH staff. Among traceable cases, we used a
random number generator to select a total of 93 cases. Cases were excluded from the study if
they resided in the same household as a previously selected case.

Control subjects were systematically sampled by screening every fifth house beginning with a
randomly chosen house from the first five northernmost houses of Fongafale. In order to control
for the age distribution of the cases, control subjects were frequency matched to the cases by four
age groups: less than 1 year, 1 - <5 years, 5 - <15 years, and greater than 15 years. Inclusion
criteria for controls included residence on Fongafale in 2011 and the presence of an adult in the
household at the time of interview. Households were excluded if subjects reported that a member
of the household had diarrhea during the outbreak period or if an adult was not present for an
interview after two home visits.

Interviews consisted of questions on household demographic and environmental characteristics
such as income and education, location of residence in 2011, and water collection and usage for
the drought period as a whole. A specific exposure of interest was the water quantity available to
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households during the drought and outbreak periods. Since household tanks are divided into
fifths by horizontal indentations, we used an ordinal scale of 20% increments to assess water
tank reserves.

Analysis
Weekly diarrhea case counts were recorded from the PSSS and converted into monthly records
where appropriate in the analysis. We used four age categories from the 2012 census to calculate
age-specific attack rates and hospitalization rates: 0-2 years, 3-5 years, 6-15 years, and 16+ years
[23]. Data for the outbreak period were analyzed in SAS 9.3 (Cary, NC). All charts were created
in Microsoft Excel (Redmond, WA). To estimate the rainfall required to fill storage tanks and
sustain a water usage of 50 liters per person per day (lpd) on Funafuti in 2011, we used the
following equations. The WHO classifies 50 lpd of water access to be “intermediate access”,
above which basic sanitation and hygiene practices would be guaranteed [24]. All equations that
include storage capacity or EHC were calculated for both total and residential-specific figures.
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙  𝑁𝑒𝑒𝑑𝑒𝑑  𝑡𝑜  𝐹𝑖𝑙𝑙  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘𝑠 =

𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝐸𝐻𝐶

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝑈𝑠𝑎𝑔𝑒  𝑃𝑒𝑟  𝑥  𝐷𝑎𝑦𝑠 =   50  𝑙𝑝𝑑  ×  𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛  ×  𝑥  𝐷𝑎𝑦𝑠
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙  𝑁𝑒𝑒𝑑𝑒𝑑  𝑡𝑜  𝑆𝑢𝑠𝑡𝑎𝑖𝑛  50  𝑙𝑝𝑑 =   

𝐸𝑠𝑖𝑚𝑎𝑡𝑒𝑑  𝑈𝑠𝑎𝑔𝑒  𝑃𝑒𝑟  𝑥  𝐷𝑎𝑦𝑠
𝐸𝐻𝐶

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐷𝑎𝑦𝑠  𝐹𝑢𝑙𝑙  𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝑇𝑎𝑛𝑘𝑠  𝑊𝑖𝑙𝑙  𝐿𝑎𝑠𝑡 =   

𝑆𝑡𝑜𝑟𝑎𝑔𝑒  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛  ×  50  𝑙𝑝𝑑

Estimated  Remaining   =  Previous  Reserve  Amount  +  (Rainfall  ×  EHC)  –  
Water  Reserves  
(Estimated  Usage  Per    𝒙  Days)  +  Desal  Production  
  

We also conducted a correlation analysis between average daily and weekly temperature and
diarrhea. Climate analyses were conducted in Microsoft Excel (Redmond, WA). There was no
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formal analysis performed on the qualitative interviews but the information collected was used to
inform the description of the outbreak and interventions that were carried out.

We performed multivariate logistic regression analyses to evaluate the risk association between
household characteristics and the presence of a diarrhea case during the outbreak in the casecontrol investigation. Variables were evaluated for collinearity and collinear variables were
removed from the model. Model fit was evaluated by comparing AIC scores. Stratified analyses
were attempted for each community but the numbers in some categories were too low to obtain
reliable results. A p-value less than 0.05 or a 95% confidence interval that did not include 1 was
considered significant. Statistical analyses were performed in SAS 9.3 (Cary, NC). Geolocalization of case and control households, based on 2011 residence, was conducted and spatialtemporal cluster analysis was performed in QGIS, ArcGIS (Redlands, CA), and SatScan (Boston,
MA).

Ethical Considerations
Written informed consent was obtained from all study subjects or their legal guardian in the case
of children less than 18 years of age. Ethical approval for this study was obtained from the Yale
University Human Research Protection Program. As no Institutional Review Board exists in
Tuvalu, the Ministry of Health approved the study.
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RESULTS
Outbreak Description
The PSSS detected an increase in cases (28) on the week beginning 29 August 2011, which was
significantly increased from mean weakly cases (3) from the period of 14 November 2010 to 28
August 2011. The PSSS identified 204 cases of diarrhea during the outbreak period of 29 August
2011 to 16 October 2011. Review of outpatient and inpatient charts identified an additional 40
cases during the same period; thus the total number of cases associated with the outbreak was
244 cases of diarrhea. The outbreak peaked between 11 - 25 September 2011 (53 cases per
week). Although the overall attack rate (AR) was 3.9% for the population of Funafuti, the attack
rate observed in those aged 0 - 2 years (AR 17.5%) was 11.7 fold higher than that for those over
65 years of age (AR 1.5%) (Table 1).

Cases had a median age of 6 years (range, 0 – 82 years) and 50.8% of the cases were male. Of
the 244 patients, 42 (17.2%) also reported vomiting, 8 (3.3%) had a respiratory tract infection,
and 7 (2.9%) reported abdominal pain or fever. Twenty-seven cases were hospitalized with a
mean hospital stay of 2.5 days (SD ± 2.5). Children aged 0-2 years represented 61.5% of
inpatient cases, whereas the same age group represented 32.1% of the outpatient cases. There
were no diarrhea-related deaths during the outbreak.

Rainfall and Water Usage
Average rainfall in Tuvalu follows a seasonal pattern with the third week of January on average
seeing the highest rainfall (109.5 mm) and the last week of May seeing the lowest (26.8 mm)
(Fig. 2). In 2011, after a large downpour in January, the drought persisted from the first week of
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February to the beginning of the outbreak on 29 August 2011; all weeks (29) except the last
weeks of June and August had an average rainfall of 38.25 mm below the mean (Fig. 2).
Furthermore, 20 weeks during the same period had rainfall below 28mm, the figure we
calculated would be required per week to sustain a usage of 50 lpd. Monthly rainfall reached a
nadir in both July and September when monthly rainfall dropped to 42.5 mm and 38 mm
respectively. Notably, monthly rainfall in September 2011 was the lowest monthly rainfall ever
observed in Tuvalu’s 81 years of climate records. Although temperature fluctuations have
previously been correlated with rates of diarrheal illness, there was no significant association in
this outbreak [25]–[27].

Funafuti’s total and residential specific EHC were 77,547 L/mm and 48,596 L/mm respectively.
The total and residential specific storage capacities were 27,247,000 L and 16,962,933 L
respectively. We estimated that 351 mm and 349 mm of rainfall would be needed to completely
fill the respective total and residential-specific rainfall water storage tanks of Funafuti in 2011.
At 50 lpd, full water storage tanks in Funafuti should last 88 days and residential tanks should
last 54 days, assuming equal distribution of water. We calculated that total water reserves likely
remained above 90% capacity until 2 April 2011 after which the total reserves decreased by an
average of 72,716 L/day until the outbreak began on 29 August 2011. When the outbreak period
began, total water reserves were estimated to be at 60% total capacity. We furthermore estimated
that residential-specific tanks were empty nearly six weeks prior to the onset of the outbreak,
from 16 July 2011 to 13 October 2011.
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Interventions
Interventions in response to the drought occurred in three phases (Fig. 2). In the first phase, the
government implemented a water distribution campaign from July 2011 to September 2011,
which initially distributed 90 L per family per day at three distribution centers (Fig. 1) using
water produced by a single 45,000 L/day desalinization plant on the island. As more families
requested water, distributions decreased to 30 L per family per day by September. In the second
phase, the Ministry of Health initiated a household hygiene promotion campaign in September
2011, which provided educational materials on hygiene and sanitation practices, such as the use
of boiled water and hand washing, and distributed soap to every household on the island.
Furthermore, the Ministry of Health disseminated similar educational information during weekly
radio announcements. In the third phase, a relief effort was implemented after an international
drought emergency was declared on 28 September 2011. By this date, 90% of cases (219/244)
had already occurred and we estimated that total water reserves were at 41% capacity.
International agencies delivered a large supply of water (450,000 L) and two desalinization
plants that in turn, produced amounts of water such that distributions were again increased to 90
L per family per day at seven distribution points (Fig. 1) throughout October. In addition, relief
agencies provided support to the Ministry of Health’s efforts to promote hygiene education and
distribute hand sanitizers and soap. The third phase continued until 8 November 2011 when
sustained rainfall occurred (Fig. 2).

Weekly cases counts dropped sharply (20 cases) in the week following the peak weeks (53 cases)
of 11-25 September 2011, after the household hygiene promotion campaign (2nd phase) was
implemented and just prior to the initiation of the international relief effort (3rd phase) and
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subsequent increase in water distribution. Weekly case counts continued to decrease such that by
16 October 2011, the number of weekly cases was below expected numbers, based on preepidemic surveillance data.

Household Survey
Among the 93 selected index cases of diarrhea, we enrolled 75 (80.6%) and their households for
the case-control investigation. Among selected index cases who were not enrolled, 17 had moved
to another island and one had died. Among the 168 selected index control subjects, 141 (83.9%)
and their households were enrolled into the study; index control subjects who were not enrolled
included 21 who were excluded due to lack of a subject in an eligible age category and six who
could not be located at their residence after two interview attempts. There were no significant
differences between index cases and age group frequency-matched control subjects with respect
to their median age or age category (Table 2). We did not identify significant differences
between index cases and control subjects with respect to gender or occupation. Additionally, we
did not identify significant differences between case and control households with respect to their
household income and other indicators of socio-economic status, total household water storage
capacity, boiling practices, or distance to water distribution point.

A significantly higher proportion of case households reported that their tank levels were <20%
full (53% vs 43%, p<0.01) and that they had decreased the frequency of hand washing (49% vs
21%, p<0.01) compared with control households during the drought (Table 2). Using a
backwards elimination strategy, the final multivariate regression model included having a low
tank, community of residence, household income, ownership of livestock, total household tank
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volume capacity, and decreased frequency of hand washing during the drought. Multivariate
analyses found that households that reported tank levels <20% full during the drought had more
than two times higher risk (OR 2.3, [95% CI 1.2 - 4.6]) of having a member acquire diarrhea
(Table 3). Reported decrease in the frequency of hand washing was an independent risk factor
(OR 3.0 [95% CI 1.5 - 6.1]) for a household having a case of diarrhea during the drought.
Although there were differences between the distribution of case and control households among
the communities on the island in univariate analyses (Table 2), residence in a community was not
found to be an independent predictor of household risk of having a diarrhea case.
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DISCUSSION
Our investigation found that a severe drought on Funafuti, Tuvalu in 2011 led to an outbreak of
diarrheal illness in September 2011 due to low home water tank availability, which likely
decreased the frequency of hand washing. Infants were particularly at risk of acquiring droughtassociated diarrhea. By estimating the quantity of rainfall that is required to maintain standard
guidelines for minimum water access and appropriate hygiene and sanitation, we found that
decreases in weekly rainfall below that required to sustain 50 lpd preceded the epidemic by 20
weeks. Finally, we found that decreases in weekly case counts of diarrhea preceded the large
international relief effort, indicating that local interventions that promoted personal hygiene and
subsequent behavioral changes in the population attenuated the impact of the diarrhea epidemic.
Although the evaluation of rainfall, water access, and diarrhea risk is limited to this single
outbreak, this approach may be generalizable to evaluating the risk of drought-associated
epidemics of diarrhea in other island nations in the Pacific that are affected by similar severe
climatic events and water shortages.

Previous literature suggests that low rainfall can increase diarrhea transmission through three
main pathways: the population increasingly accesses poorer quality and less sanitary sources of
water, the concentration of pathogens is higher in depleted storage tanks, and people decrease the
frequency of hygiene practices such as regular hand washing [1], [12], [15]. Our findings
indicate that decreased intensity of basic hygiene, rather than the use of contaminated sources or
the lack of access to water distribution, was associated with higher risk for diarrhea during the
drought. Funafuti does not have fresh groundwater meaning that the only alternative source of
water during the drought was government water distributions. The Tuvalu Public Works
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Department reported that water for distribution was tested for pathogens daily and that no
contamination was discovered. Furthermore, the case-control investigation did not identify
significant risk associations with distance of the household to a water distribution point. We also
believe it unlikely that contaminated home water tanks were the primary driver of disease.
Although there was a small increase in rainfall in the week prior to the onset of epidemic
diarrhea (Fig. 2), which could explain disease through the phenomenon of rainfall following dry
periods washing accumulated contaminants such as bird feces into water tanks, we saw a similar
increase in rainfall at the end of October, following the driest month of September, without a
subsequently observed increase in diarrhea [28]. Furthermore, in our survey, nearly all
households reported boiling drinking water prior to consumption, even during the drought, which
likely would have obviated such a risk if it had occurred (Table 2).

Our findings thus indicate that decreased hygiene practices, such as hand washing, influenced the
epidemic transmission of diarrhea. July and September 2011 both saw rainfall levels far below
what is required to sustain the provision of 50 lpd for Funafuti [24]. Furthermore, the significant
associations seen in the household survey provide evidence to support this transmission
mechanism; low tank level and decreased frequency of hand washing during the drought were
both significant independent predictors of disease status. It is unclear though whether this
decrease in hygiene practices was due to a real or a perceived lack of water.

The provision of quantity, not necessarily quality, of water was key to the response to this
outbreak, as has been identified for mitigating diarrheal illness in previous studies unrelated to
drought conditions [29]. When rainfall was at its second lowest in July 2011, the PWD was
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initiating its water distribution campaign. During this time, reserves were higher and demand
was lower, enabling the PWD to provide 90 L of water per family per day. This extra supply of
water earlier in the drought likely kept the risk of disease lower. However, when the same low
rainfall trend occurred in the outbreak month of September 2011, the PWD reserves were near
their lowest when demand was highest, causing a decrease in water distribution to just 30 L per
family per day. The observed decrease in weekly case counts prior to the international relief
interventions indicates that local control measures, such as hygiene and sanitation promotion and
water distribution, albeit limited, ameliorated the overall impact of the epidemic. Furthermore,
behavioral modifications in the population’s hygiene and sanitation practices may also have had
a large contributory effect in preventing diarrhea transmission. The arrival of international aid
efforts after the peak of the outbreak indicates that those interventions played a lesser role in
stopping the outbreak of diarrhea. However these later interventions likely contributed to
maintaining sharp decreases in diarrhea rates until the return of rainfall in November 2011.

The results of this study are though, subject to several limitations. First given the time lag
between the event and the data collection, some questions are liable to recall bias. In addition, as
our questions pertained to hygiene practices, a social-desirability bias could be present.
Nevertheless, we attempted to ask questions by evaluating objective measures of household
characteristics and environment. Secondly, our frequency matching of age groups was for the
entire island, not within villages. There are differences in the distribution of age category
between the northernmost and southernmost communities, which may impact the associations
between communities and diarrhea disease risk that we observed (Table 2). Finally, Tuvalu lacks
the ability to culture pathogens, making identification of a specific etiology impossible.
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Nevertheless, we believe that our analysis is still relevant to controlling future diarrhea
outbreaks.

As one of the first studies to address drought and acute outbreaks of diarrhea, this study’s
conclusions have implications for extreme drought events in the Pacific and abroad. Tokelau
(pop. 1411), a New Zealand island territory 1000 km east from Tuvalu, declared a drought
emergency on 3 October 2011 and faced a similar outbreak of diarrhea (50 cases) peaking in
September 2011 [22], [30]. This outbreak was also detected using the PSSS. The coincident
temporality of the droughts in Tuvalu and Tokelau and the subsequent independent outbreaks in
locations with no direct travel between them provides additional evidence for a link between
drought and diarrhea outbreaks in the Pacific and further illustrates the potential disease
outcomes of weather emergencies. With the escalation of global climate change, understanding
these health consequences of climate events is paramount. Evidence is building to support a link
between climate change and increased volatility in ENSO [31]. Furthermore, the cyclical nature
of ENSO indicates that irrespective of the effects of climate change, such events are likely to
occur again. Droughts are predicted to become more severe in Tuvalu and the central Pacific
[32], [33]. Other parts of the world are also predicted to face more severe and more frequent
droughts [33], [34]. Without proper contingency planning, we might expect diarrhea outbreaks to
become more recurring and more dangerous in similarly water-insecure areas.

Investments in resilient water supply infrastructure, particularly in the Pacific islands, need to be
prioritized for the prevention of diarrhea. Although Tuvalu has since added three new
desalination plants, all three were broken down as of August 2014. Reliance on foreign aid for
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funding parts and maintenance poses a major challenge to providing a sufficient amount of
water, particularly during drought emergencies. Such water distribution and hygiene promotion
practices could be the key measures for the mitigation of diarrheal epidemics during similar
emergencies in our changing future.
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Table 1: Age-Specific Attack Rates and Hospitalization Rates during the Drought-Associated
Outbreak
Age Group
(years)

Population

No. Cases
(% of total)

Attack
Ratea

Hospitalizedb

Hospitalization
Ratea

Total
0-2

6216
480

244 (100%)
84 (35.29%)

3.93
17.50

27
16

0.43
3.33

3-5

459

33 (13.87%)

7.19

2

0.44

6-15
16+

1104
4173

64 (26.89%)
57 (23.36%)

5.80
1.37

1
7

0.09
0.17

a

Rates expressed per 100 people
Mean hospital stay was 2.5 days.

b
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Table 2: Characteristics of Index Case and Control Subjects and their Householdsa

Characteristics
Index subjects
Mean age (years)
Age groupc
0-2 years
3-5 years
6-15 years
16+ years
Male
Occupation
None
Student
Government
Private Sector
Clergy

Cases
Controls
N=75
N=141
No. (%) or Mean ± SD
15.6 ± 19.8

14.8 ± 18.1

27 (36.0)
6 (8.0)
21 (28.0)
21 (28.0)
37 (49.3)

36 (25.5)
27 (19.2)
39 (27.7)
39 (27.7)
65 (46.1)

31 (41.3)
28 (37.3)
11 (14.7)
4 (5.3)
1 (1.3)

53 (37.6)
63 (44.7)
10 (7.09)
11 (7.8)
4 (2.8)

Households
Community
Tekavatoetoe
12 (16.0)
11 (7.8)
Vaiaku
12 (16.0)
18 (12.8)
Senala
14 (18.7)
20 (14.2)
Alapi
10 (13.3)
31 (22.0)
Fakaifou
22 (29.3)
31 (22.0)
Teone
1 (1.3)
10 (7.1)
Lofeagai
4 (5.3)
20 (14.2)
Household members
8.3 ± 4.2
7.6 ± 4.0
Household incomed
432.2 ± 388.9
491.4 ± 397.5
Highest education levele
Primary
4 (5.4)
17 (12.1)
Secondary
22 (29.7)
41 (29.3)
Tertiary
48 (64.9)
82 (58.6)
f
Distance to water distribution point
457.62 ± 627.96
710.78 ± 1036.85
Tank storage capacity (L)
29722.7 ± 32700.9
26650.4 ± 21765.5
Always boiled drinking water
74 (98.7)
133 (94.3)
Tank levels less than 20% full
40 (53.3)
49 (34.8)
Reported decreased frequency of hand washing
36 (48.7)
29 (20.6)
Livestock Ownership
60 (80.0)
125 (88.7)
a
Numbers may not sum to total due to missing data, and percentages may not sum to 100% due
to rounding.
b
NS= P > 0.05;*=P ≤ 0.05; **=P ≤ 0.01; ****=P ≤ 0.0001
c
Controls were matched to cases by age category.
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Pb

NS
NS

NS
NS

*

NS
NS
NS

NS
NS
NS
**
**
NS

d

Household income in Australian Dollars per fortnight for the household in 2011.
This represents the highest level of education attained by anyone living in the household in
2011.
f
Mean distance in meters to a water distribution point prior to 3 October 2011. Case figure is
based on a subset analysis of those who became ill prior to 3 October 2011. P-value is based on a
Wilcoxon Rank-Sum Test.
e
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Table 3: Multivariate analysis of risk factors for diarrhea during the drought
Risk Factor

ORa

95% CIb

Pc

Tank levels <20% full
Livestock ownership

2.31
0.43

1.16-4.60
0.16-1.12

*
NS

Reported decreased frequency of hand washing

3.00

1.48-6.08

**

a

OR = odds ratio
CI = confidence interval
c
NS= P > 0.05;*=P ≤ 0.05; **=P ≤ 0.01
b
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Figure 1: Map of Fongafale, showing Emergency Water Distribution Points during the Drought
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Figure 2: Weekly Rainfall, Diarrhea Case Counts, and Emergency Interventions during the
Drought-Associated Outbreak of Diarrhea on Fongafale, 2011
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